ABSTRACT: The establishment of marine protected areas (MPAs) worldwide has shown that closure of areas to fishing results in major changes in the structure of marine ecosystems. The removal of high-order consumers by fishing has both direct and indirect effects that can lead to important changes in the strength of trophic interactions. Although the effects of marine protection on biological interactions are beginning to be understood, our knowledge is largely restricted to shallow-water assemblages. However, depth gradients are also characterised by significant differences in the intensity of trophic linkages, and these may be interacting with any effects derived from protection. In this study, the individual and combined effects of depth and marine reserve protection on predation and herbivory were determined across 3 regions in the NW Mediterranean (Catalunya, Mallorca and Menorca) using juvenile urchins and palatable algae as bioassays. Marine protection did not strongly influence fish herbivory, which generally decreased with depth. We found no evidence of depth-related changes in predation rates or the size of predatory fishes, but there was a strong effect of protection on predation rates that was only consistently observed across regions in shallow water (5 m depth), but not at greater depths (15 and 30 m). This increase in predation of sea urchins within MPAs in shallow waters can have important community-wide consequences, as herbivorous sea urchins are commonly most abundant in these shallow habitats and predator−urchin interactions have important cascading effects on algal communities. KEY WORDS: Marine reserves · Sea urchins · Macroalgae · Mediterranean Sea · Fish herbivory · Cystoseira spp.
INTRODUCTION
Biological interactions are among the most important forces structuring ecological communities, and depend not only on specific characteristics of the interacting species, but also on environmental conditions. Indeed, it has long been recognised that community structure and the distribution of species strongly depend on the interplay of biotic processes and abiotic environmental conditions, whereby the intensity and relative importance of species interactions is often mediated by the environment (Connell 1975 , Menge & Sutherland 1987 , Menge & Olson 1990 . For example, the physical stress of water turbulence is known to determine the relative importance of predation and competition in rocky intertidal regions (Menge & Sutherland 1987 , Menge & Farrell 1989 .
In marine communities, the establishment of marine protected areas (MPAs) where fishing and other extractive activities are not permitted commonly increases the density, biomass and average size of the species targeted by fishing (Bell 1983 , Garcia-Rubies & Zabala 1990 , Francour 1994 , Harmelin et al. 1995 , Edgar & Barrett 1997 , Willis et al. 2003 . Since most targeted species are predators, recovery of these populations often leads to increased predation within the borders of the reserve (McClanahan et al. 1999 , Shears & Babcock 2002 , Guidetti 2006 , Clemente et al. 2010 . In turn, increased predation can decrease the abundance of herbivorous prey such as sea urchins, and thus indirectly increase algal abundance via trophic cascades , Shears & Babcock 2003 , Guidetti & Sala 2007 . Although both the direct and indirect effects of marine protection on biological interactions are starting to be understood thanks to long-term time series of ecological data (Babcock et al. 2010) , our know ledge is largely restricted to shallow waters (≤15 m). However, depth gradients are also characterised by significant differences in the intensity of trophic linkages (Hay et al. 1983 , Witman 1987 , Witman & Dayton 2001 , and we know little about how these may be interacting with any effects derived from protection.
In subtidal marine communities, herbivory and predation pressure are usually lowest at shallow wave-exposed sites because turbulence associated with wave impact and water movement limits the feeding ability of most mobile consumers (Witman & Dayton 2001) . Herbivory is often greatest a few meters below the surface and decreases thereafter with depth, as algal resources become scarcer due to light limitation (Hay et al. 1983 , Brokovich et al. 2010 . Predation by invertebrates is often also highest in the first meters of water, as subtidal predators track the abundance of prey such as mussels (Sloan & Aldridge 1981 , Witman & Grange 1998 . In contrast, predation by fishes is often considered to increase in deeper waters. For example, tethering experiments have repeatedly shown an increase in predation with depth in estuaries (McIvor & Odum 1988 , Ruiz et al. 1993 , but see Baker & Sheaves 2007 . These studies provide support for the shallow-water refuge hypothesis (SWRH), which predicts that shallow-water nursery habitats in estuarine waters provide vulnerable juvenile fish and other prey with a refuge from predation. SWRH studies are mostly restricted to depths <5 m and propose that shallow water acts as a refuge for smaller fish by excluding larger fish that prey on them or by reducing the efficiency of predators (Ruiz et al. 1993) . However, tests of the SWRH at greater depths in non-estuarine conditions have also found an increase in predation from 1−5 m to ca. 20 m depth (Linehan et al. 2001 , Ryer et al. 2010 . This increase in predation with depth has been associated with a general increase in the mean size of predatory fishes in deeper waters, a phenomenon generally applicable to demersal fishes (Macpherson & Duarte 1991) .
In this study, we quantified the individual and combined effects of protection from fishing and depth on herbivory and predation across 3 regions in the NW Mediterranean using bioassays. We predicted a decrease in fish herbivory with depth irrespective of protection, as herbivorous fish are not a target of fishing activities in the NW Mediterranean. Because recreational and artisanal fishing effort generally decreases with depth in the NW Mediterranean (Morales-Nin et al. 2005 , Stelzenmuller et al. 2007 ) and shallow areas have been recently shown to be more sensitive to protection (Claudet et al. 2011) , we predicted an interactive effect of protection and depth on relative predation rates, with higher predation in shallower water inside MPAs and equal levels of predation in deeper waters irrespective of protection. Further, we performed underwater visual censuses and recorded the size and total biomass of herbivorous and predatory fish assemblages at all sites and depths, inside and outside MPAs, and tested whether fish size increases with depth (down to 30 m) within coastal benthic communities in the NW Mediterranean.
MATERIALS AND METHODS

Study sites
This study was conducted in 3 regions of the NW Mediterranean Sea: Mallorca, Menorca and Catalunya (Fig. 1) . One MPA and one nearby unprotected area (UA) of similar environmental characteristics were selected within each region (Fig. 1) . The 3 MPAs differ in how long they have been protectedMedes Islands in Catalunya has been protected since 1983, Cabrera National Park in Mallorca since 1991 and north of Menorca since 1999 -but fish recovery has been observed in all MPAs (Garcia-Rubies & Zabala 1990 , García-Charton et al. 2004 , Cardona et al. 2007 , although none are likely to have reached full recovery (Guidetti & Sala 2007) . Within each region, 3 sites were sampled at 3 depths (5, 15 and 30 m) on algal-dominated rocky habitats in the summer, when fish abundance and activity tend to be highest (Sala & Zabala 1996 , Tomas et al. 2005 , Prado et al. 2007 ). Site selection was based on a good working knowledge of the area and taking into consideration wave exposure (all sites were in relatively waveexposed points) and slope (gentle regular slope; i.e. we avoided sites with 'vertical walls').
Consumption bioassays
Relative differences in herbivory and predation between different depths and between protected and unprotected areas were measured using bioassay experiments. Relative rates of herbivory were quantified using 2 ecologically equivalent and vicariant species of the genus Cystoseira: C. mediterranea in Catalunya and C. amentacea var. stricta (hereafter C. stricta) in Menorca and Mallorca. Both species are highly preferred by the sparid fish Sarpa salpa (Vergés et al. 2009, A. Vergés pers. obs.) , the only strictly herbivorous fish in the NW Mediterranean (Verlaque 1990 , Sala & Boudouresque 1997 , Ruitton et al. 2000 . Five groups of 5 individual thalli of similar size and biomass (~3 g wet mass) were tethered to the benthos at each site and depth using cable ties, and the percentage of thalli consumed per group in 24 h was measured. To ensure that all herbivory was due to fish consumption, we manually removed any sea urchins found close to ex perimental specimens (within at least a 5 m radius). Thalli were only considered consumed when obvious signs of herbivory were ob served, i.e. over half of the thallus was eaten. Predation bioassays were conducted using juvenile individuals (between 4 and 10 mm in test diameter) of the common sea urchin Paracentrotus lividus. To ensure predation trials were comparable across depths and sites, we placed juvenile urchins on a 20 × 20 cm 2 patch that was cleared of all erect algae and devoid of any refuges, and any mobile invertebrates found in the vicinity (within a 2 m radius) that could potentially predate on the urchins were manually removed. Four sea urchins were placed in the centre of the cleared benthos in each trial and the percentage of individuals eaten after 10 min was counted. Four predation trials per depth and site combination were conducted.
The distribution of the Cystoseira spp. used in our bioassays is restricted to the upper sublittoral (0 m) in wave-exposed shores, where they are out of reach from the herbivorous fish Sarpa salpa (Vergés et al. 2009, A. Vergés pers. obs.) . Similarly, juvenile sea urchins are usually cryptic, sheltered within crevices or beneath boulders and out of reach of carnivorous fishes (Hereu et al. 2004 , Farina et al. 2009 ). In our bioassays, we made the algae and the urchins more vulnerable by placing them within the reach of their predators. Consequently, both alga and juvenile urchin bioassays measured relative potential herbi vory/predation pressure rates rather than absolute rates because of the artefact of altered vulnerability of both prey items, as happens with tethering assays (Aronson & Heck 1995) . This effect of increased vulnerability is assumed to be constant across all treatments (region, protection and depth), and we therefore consider that the relative potential herbivory/ predation pressure measured in this study reflects patterns in actual herbivory/predation pressure.
Fish censuses
Underwater visual censuses were performed to quantify fish community composition and fish biomass. Fishes were counted and their size (total length) was estimated along three 50 × 5 m 2 transects for each site and depth (Harmelin-Vivien et al. 1985) . All fish counts were performed by the same experienced diver (E. Ballesteros) and small-sized cryptic species (belonging to families Gobiidae, Callyonimidae, Ble niidae, Gobioesocidae and Tripterygidae) were not included in the censuses to avoid biases (García-Charton & Pérez-Ruzafa 2001). We identified 31 species from the families Labridae, Moronidae, Mugilidae, Sciaenidae, Serranidae and Sparidae. Fish abundance was transformed to biomass (g 250 m −2 ) using length−mass allometries (Morato et al. 2001 , Froese & Pauly 2005 . When there was no information for the species of interest, allometric values from a congeneric sympatric species with similar morphology and size range were used (this happened with Labrus viridis, where we used allometric values from L. merula, and for Symphodus doderleini, where we used allometric values from Symphodus rostratus). Total herbivorous fish biomass was considered as the biomass of Sarpa salpa, the only strictly herbivorous fish in the Western Mediterranean, where it has a key role in structuring seagrass and algal communities (Tomas et al. 2005 , Vergés et al. 2009 , Tomas et al. 2011 Sala 1997 ). Abundance of fishes was recorded for small, medium and large indivi duals of each species. Each size class was defined as one-third of the maximum and minimum total length range.
Statistical analyses
Spatial variations in herbivore and predator pressure (bioassays) and abundances (in terms of biomass; g fresh mass [FM] × 250 m −2 ) were assessed using 4-way nested ANOVAs with region as a random factor, protection and depth as fixed orthogonal factors, and site as a random factor nested in the interaction between region and protection (see Table 2 ). Data in all analyses were balanced and, prior to statistical analyses, normality and homogeneity of variance were checked, and data were transformed when necessary to meet assumptions (all transformations performed prior to analysis are reported in the statistical tables of results). When overall significant differences were detected, a posteriori pair-wise comparisons of means were performed using the Student-Newman-Keuls (SNK) test. ANOVAs were performed using the statistical package GMAV (coded by A. J. Underwood & M. G. Chapman, University of Sydney, Australia).
Multivariate differences in fish assemblages (in terms of biomass per species) were calculated using a 4-way nested permutational multivariate ANOVA (PERMANOVA) with the same design described above and Bray-Curtis as our distance metric. Permutational tests of multivariate dispersion (PERM -DISP; Anderson et al. 2008) were used to check the homogeneity in the average dissimilarities of samples of all groups (region, protection, site and depth; 54 groups). Although homogeneity of multivariate dispersion is an assumption of PERMANOVA, this test is considered to be robust to some heterogeneity in dispersion (Anderson et al. 2008) .
Finally, PERMANOVA was also used to analyse multi variate differences in the size−frequency distributions of each of the 3 main sea urchin predators (Diplodus sargus, D. vulgaris and Coris julis) across regions, protections, depths and sites. We used the same design described above, with the number of individuals of the 3 size classes as our variables and Euclidean distance as the metric. All multivariate statistical analyses were performed using Primer-E v6 software (Clarke & Gorley 2006) with the PERMA -NOVA+ add-on package (version 1.0.1; Anderson et al. 2008) .
RESULTS
Patterns in relative herbivory and predation
Herbivory tended to be higher in shallow (5 m) waters in all regions ( Fig. 2A ), but this effect was not consistent across all sites (significant interaction term depth × site, Table 1 ). We detected a near-significant effect of protection on patterns of herbivory (p = 0.055; Table 1), with UAs tending to have slightly higher rates of herbivory than MPAs (Fig. 2A) . Predation rates were strongly influenced by an interaction between region, protection and depth (Table 1) . To explore this interaction, we compared levels of protection (MPA and UA) and depth (5, 15 and 30 m) within each region (Mallorca, Menorca and Catalunya) using SNK tests. We found that in shallow waters (5 m), predation rates were greater in MPAs than in UAs in all the 3 regions (SNK, p < 0.05 for all 3 comparisons; Fig. 2B ), whereas at greater depths (15 and 30 m) protection did not have a consistent effect across regions (Fig. 2B ).
Fish distribution patterns
Total herbivorous fish biomass was influenced by an interaction between region, protection and depth (Table 2, Fig. 3A ). SNK tests of the effect of protec- Table 2 . Nested univariate ANOVAs comparing total biomass of herbivorous fish (Sarpa salpa), total biomass of urchin predatory fish, and results of nested multivariate PERMANOVA comparing the fish community composition among regions (R), depth (D), protection (P), site (S) and their interactions. Prior to analyses, total biomass data were log-transformed and multivariate fish community composition data were square-root transformed. Denominator terms for F-tests in the analysis are given in Table 1 . Bold text indicates a significant effect at p < 0.05 Fig. 3 . Biomass (mean + SE) of (A) herbivorous fish and (B) urchin predatory fish at different depths (5, 15 and 30 m) in marine protected areas (black bars) and unprotected areas (grey bars) in the 3 regions studied (ordered from south to north; Mallorca, Menorca and Catalunya) 3.59, p = 0.02). The PERMANOVA test also detected a significant interaction between region, protection and depth (Table 2) . Together, the PERM DISP and PERMANOVA results indicate a clear 3-way interaction that may be due to differences in location, differences in dispersion or a combination of the two (An derson et al. 2008) . PERMA NOVA pair-wise tests were used to identify the effects of depth and protection within each region. Pair-wise tests showed that shallow (5 m) fish as semblages differed significantly from deep (30 m) assemblages in all regions irrespective of protection (PERMANOVA pair-wise tests, p ≤ 0.05 for all comparisons), except at the MPA in Catalunya, where fish assemblages were similar at all depths. Deep (30 m) fish assemblages differed between UAs and MPAs in all regions (PERMA -NOVA pair-wise tests, p ≤ 0.02 for all comparisons), whereas at shallower depths the effects of protection were not consistent across regions. Analysis of the size−frequency distribution of each of the 3 main sea urchin consumers (Diplodus sargus, D. vulgaris and Coris julis) revealed a significant effect of protection in all species that varied with region (significant region × protection inter action term; Table 3 , Fig. 4 Mallorca, where there were no differences in the size distribution of fishes between protected and unprotected sites (Fig. 4) . D. sargus showed greater abundances of larger fish inside MPAs in Menorca and Catalunya, whereas the opposite was true in Mallorca (PERMANOVA pair-wise tests, p < 0.05). There was a significant effect of depth on the sizefrequency distribution of D. sargus that varied with region (significant depth × region interaction; Table 3 , Fig. 4) . Large D. sargus individuals were more abundant in shallow water (5 m) than at greater depths in both Menorca and Catalunya, whereas this species had a similar size structure at all depths in Mallorca PERMANOVA pair-wise tests, p < 0.05). We detected a significant but weak effect of depth on the size distribution of D. vulgaris (Table 3) , with medium-sized individuals being more abundant in deep waters (30 m) than at intermediate depths (15 m; Fig. 4 ).
Although we also detected a significant effect of depth in the size distribution of C. julis that varied with both region and level of protection (significant region × depth and protection × depth interaction; Table 3 ), no clear pattern could be discerned (Fig. 4) .
DISCUSSION
Predation rates on juvenile urchins were influenced by protection from fishing in all regions, but only in shallow water; at greater depths, the effects of protection varied between regions. Rates of herbivory were not strongly affected by fishing activities, and generally decreased with depth in both protected and unprotected areas. We found no evidence of an increase in urchin predation by fishes with depth, or of an increase in the size of urchin predators with depth.
The significant effect of protection on urchin predation rates in shallow waters observed across all regions is consistent with the results of other studies that have directly measured predation rates on urchins inside and outside MPAs, all of which were performed at shallow depths (ca. 0.5 to 10 m) and found a positive effect of protection (McClanahan et al. 1999 , Shears & Babcock 2002 , Guidetti 2006 . The greater effects of protection on urchin consumption rates detected in shallow waters in our study may be due to the fact that many of the key fish species involved in sea urchin predation are often targeted by extractive activities concentrated in these shallower waters, such as spearfishing and recreational angling from the shore or from small vessels (Morales-Nin et al. 2005 , Lloret et al. 2008 ). Other studies have also found that shallow Mediterranean fish assemblages are the most sensitive to protection, as fishing efforts concentrate in these first meters of water (Claudet et al. 2011) . Although the effects of protection on relative predation rates outside shallow water were not consistent, there was a general trend towards greater consumption of urchins inside MPAs across most depth and region combinations, suggesting that the pattern observed at 5 m may extend to all depths with time as fish populations continue to recover from fishing in protected areas. Indeed, in support of this conjecture, this trend was stronger in the 2 MPAs that have been established for the longest time, the Medes Islands in Catalunya (since 1983), and Cabrera in Mallorca (since 1991).
Although the effects of protection on predation rates in shallow water were consistent across all regions, we only detected a consistent positive effect of protection on the biomass of fishes that consume urchins in the Medes Islands MPA in Catalunya. Context-dependent differences in the response of predatory fishes to protection are quite common (e.g. Clemente et al. 2011) . A number of managementrelated reasons may explain this in our study. Time since prohibition of fishing is an important determinant of the response of fish assemblages to protection (Micheli et al. 2004 , Guidetti & Sala 2007 , Claudet et al. 2008 , and the Catalunya MPA is the oldest one considered in this study by at least 8 yr. Moreover, the level of protection of the Catalunya MPA is greater than in the other 2 regions, because all extractive activities are prohibited in Catalunya, whereas some restricted commercial fishing is still permitted in the Mallorca and Menorca MPAs.
We did not detect any consistent depth-related patterns in predation at either MPAs or UAs. This contrasts with studies that have found predation rates to be 2 to 3 times higher in deeper waters (14 to 20 m) than in shallower waters (≤5 m) (Linehan et al. 2001 , Ryer et al. 2010 . Differences in broad structural complexity may partly explain the disparity between these results and ours, as the availability of shelter is a key factor determining predation rates (Hixon & Beets 1993) , and both the study by Linehan et al. (2011) and Ryer et al. (2010) were performed in softsediment communities with relatively low structural complexity (from sand and mud to silt-covered occasional boulder outcrops). In contrast, our study was performed in structurally complex rocky reefs that generally provide refuges for both prey and predators at all depths (5 to 30 m).
The size distribution structure of the 3 main urchin predators did not differ consistently across depths, indicating that the general pattern observed in other systems, where the mean size of individuals of fish species increases with depth (Macpherson & Duarte 1991 , Linehan et al. 2001 , does not apply to these species. Although we did detect an effect of protection on the size distribution structure of the main urchin consumers, the lack of consistency across regions suggests that factors other than fishing are strongly influencing these patterns. Generally, the creation of MPAs tends to favour the larger size classes of target fish species (e.g. Garcia-Rubies & Zabala 1990 , Guidetti 2006 , and this is what we found for Diplodus sargus in Menorca and Catalunya, whereas the opposite was true in Mallorca (larger D. sargus in UAs). The clearest effect of protection on the size structure of D. vulgaris and Coris julis was greater abundance of small and medium individuals within MPAs.
As expected, rates of herbivory and biomass of herbivorous fish were largely unaffected by protection -we only detected a near-significant trend towards greater herbivory in UAs. This is consistent with a meta-analysis by Micheli et al. (2004) , which showed that herbivores commonly do not respond or respond negatively to fishing protection, particularly if they are not targeted by fisheries, and that top predators are often the most responsive trophic guild to protection. We found a general decrease in relative rates of fish herbivory with depth, confirming the results of a number of studies that show greater consumption of marine plants in relatively shallow waters around 5 m depth (Verlaque 1990 , Tomas et al. 2005 , Vergés et al. 2009 ). However, this bathymetric pattern was not consistent at all sites, indicating that factors other than depth are also influencing the feeding activity of herbivores. The grazing activity of herbivorous fish is known to vary greatly over naturally occurring temperature gradients at small scales (Smith 2008) , and this may have also influenced feeding by Sarpa salpa in our study, as we observed important changes in the depth of the summer thermocline, which separates warm, shallow water and cooler, deeper water during the summer months, both among regions and sites.
In conclusion, our findings show that protection has pronounced effects on sea urchin predation rates by fishes in shallow waters. Because predator−urchin interactions can have important community-wide effects (e.g. Sala et al. 1998 , Guidetti 2006 , and herbivorous sea urchins are commonly most abundant in shallow habitats (Chelazzi et al. 1997 , Tomas et al. 2004 , an increase in sea urchin predation within shallow waters in MPAs can facilitate the maintenance of diverse and structurally complex algal communities. In contrast, the intensity of herbivory by fishes, which is increasingly being recognised as an important driver of algal community dynamics in temperate systems (Vergés et al. 2009 , Taylor & Schiel 2010 , follows a general decrease with depth, and shows only weak negative effects with protection. 
